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Increasing private sector involvement in transportation services has significant implica-
tions for the management of road networks. This paper examines a concession model’s
effects on a road network in the mid-sized city of Fresno, California. Using the existing
transportation planning models of Fresno, we examine the effects of privatization on a
number of typical system performance measures including total travel time and vehicle
miles traveled (VMT), the possibility of including arterials, and the differences between
social cost prices and profit maximizing prices. Some interesting insights emerge from
our analysis: (1) roads cannot be considered as isolated elements in a concession model
for a road network; (2) roads can function as complements at some levels of demand
and become substitutes at other levels; (3) policy makers/officials should consider privatiz-
ing/pricing arterials along with privatizing highways; (4) temporally flexible but limited
price schedule regulations should be part of leasing agreements; and (5) non-restricted
pricing may actually worsen system performance, while limited pricing can raise enor-
mous profits as well as improve system performance.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The first major public–private partnerships (PPPs or P3s) in the U.S. transport sector began in 1989 with the construction
of the E-470 Tollway, east of Denver, Colorado. Since then, the private sector has made many investments in both existing
and new highways through P3s (Reinhardt, 2011). Advocates of P3s have claimed that a significant amount of private invest-
ment funding, ranging from $100 billion to $400 billion, is available to meet transportation needs in the U.S. This trend of
increasing private sector involvement in transportation services has important, especially financial, implications for public
road networks. Not only is this trend important for financing, but increased private sector involvement also has implications
for quality of service, mitigation of environmental impacts, and addressing social issues (Chung et al., 2010; de Jong et al.,
2010; Rouhani, 2009).

Given the social and economic costs caused by congestion and unmet demand (Winkelman et al., 2010), properly
developed P3 business models may play an important role in better understanding and addressing the challenges faced
by urban transportation systems. Currently, P3 contracts include a wide range of models: BOT (Build-Operate-Transfer),
BOO (Build-Own-Operate), DBFMO (Design-Build-Finance-Maintain-Operate), concession, etc. (Arup and PB, 2010; Zhang,
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2005). In concession models, a subcategory of Brownfield projects1 (Evenhuis and Vickerman, 2010; Reason, 2009), the private
developer (a private consortium) is usually granted the right to collect tolls2 from an existing facility under a long-term contract
while public sponsors retain some control levers such as limiting toll levels (or toll ceilings) (Rall et al., 2010).

In the U.S., four prominent transportation assets have been privatized using the Brownfield model: the Indiana Toll Road,
the Chicago Skyway, the Pocahontas Parkway (Virginia), and the Northwest Parkway (Colorado) (Reinhardt, 2011). The first
long term concession of an existing toll road in the USA was the Chicago Skyway lease for 99 years in 2004, which costs $1.83
billion (Ortiz et al., 2008). The Indiana East West Toll Road (157 miles) was leased for 75 years with a $3.85 billion concession
fee in 2006 (Crowe Chizek, 2006; Indiana Toll Road, 2012). The Indiana Toll Road contract set an example by showing that
significant profits can be gained from road infrastructure. A thorough review of concession models used for roads is provided
by Bel and Foote (2009).

A considerable amount of work has been done on reviewing real-life P3 projects (Bonnafous, 2010: Chung et al., 2010;
Engel et al., 2003, 2006; Evenhuis and Vickerman, 2010), including the examination of a BOT project using various optimal
road pricing models to assess the effects of regulations (Chen and Subprasom, 2007). However, few studies have developed
theoretical models to analyze the principal impacts of such projects on actual road networks.

There have been studies that used extensions of common models, usually on smaller networks. For example, de Palma
and Lindsey (2002) and de Palma et al. (2007) used a two-competing-road framework to examine the possibility of time-
based congestion pricing, and to analyze maintenance and tolling decisions. Verhoef et al. (1996) and de Palma and Lindsey
(2000) explored the dynamics between public and private roads. Winston and Yan (2011) used duopoly and monopoly struc-
tures to assess social welfare effects of highway privatization on two routes. Applying multi-class user equilibrium, Yang
et al. (2002) investigated the effects that distributions of value of time have on traffic flow and profits of private toll roads
for a small network. Rouhani and Niemeier (2011) examined the effects of different privatization structures on a small hypo-
thetical network with two modes of transportation.

Other studies have taken a more general and practical network approach with the use of some simplifications. Zhang and
Levinson (2006) applied an agent-based simulation model to a grid network to study the problem of road pricing on a high-
way network composed of independent profit-maximizing links with a repeated road pricing game between autonomous
links. This study relies on a key assumption: that the Nash equilibrium is not unique or even does not exist because link own-
ers do not have complete information. That is, the authors assume that links try to achieve profit maximization by adjusting
their prices iteratively to reach a toll value that can neither be raised nor lowered without losing profits. Each link owner fits
a quadratic curve in the profit–price domain. Although this approach is very effective in terms of computation time, the way
in which demand (profit)–price relationship is estimated has major limitations. First, the assumption that profit–price rela-
tionship is quadratic should be tested (hypothesized) and then applied. It is possible that different functional forms perform
better in different settings. Second, the study simply assumes that link owners cannot have enough information on the ef-
fects of other links’ prices, and as a result, they reach a solution which is not a Bertrand–Nash equilibrium. Third, the final
solution is not necessarily at equilibrium and may result in a situation, where one or more link owners applied higher tolls
than their Bertrand–Nash equilibrium tolls and other links/owners charge lower tolls than their Nash equilibrium tolls,
based on their response functions. Fourth, this procedure can be applied only to autonomous links and cannot model more
complex settings in which each firm/private entity owns more than one link. And finally, no information can be gained about
demand functions and their attributes, cross price effects, elasticities, etc. Here, we have employed an alternative approach
that addresses each of these issues.

In another study, Zhang and Levinson (2009) simulated the evolution of a grid road network and evaluated the short-run
and long-run network performances under various ownership structures (private/public and centralized/decentralized). The
study assumes a competitive market, which may not be realistic because of spatial restrictions and possible barriers to enter-
ing the road network market.

Few studies have analyzed real network implications. Zhang (2008) developed a model that considers the combination of
pricing, investment, and ownership to study welfare impacts of road privatization on a real-size network (Twin Cities net-
work) using an evolutionary simulation model. Dimitriou et al. (2009) developed a game-theoretic formulation for the joint
optimization of capacity investments and toll charges within general road networks, examining some real-life issues such as
regulations on tolls for private highways.

Finally, a key gap in the literature also exists for studies that have specifically modeled some of the policy implications of
urban road network privatization, especially in case of concessions. Study and modeling gaps exist in the following areas: the
inclusion of secondary roads like arterials, the differentiation between profit maximizing and social cost pricing, the peak vs.
off-peak analysis, and the clear distinction between monopolistic and oligopolistic power of road owners. To help fill the gap
in knowledge, we employ a distinct integrated modeling framework to analyze the effects of applying a concession model to
a real city network. The model integrates of the following modules: demand analysis, interactive profit maximization using
1 PPPs consist of two broad categories, in terms of mission: ‘‘Greenfield’’ projects that develop new infrastructure and ‘‘Brownfield’’ projects that operate,
maintain, and preserve or improve existing infrastructure and usually are accompanied by tolling.

2 The exceptions are shadow tolls and availability payments. For shadow toll roads, as in the case of the UK (NAO, 1998), highways agencies pay the private
operator(s) a fee based on the vehicle kilometers driven on the roads. Availability payments are a means of compensating a private concessionaire for its taking
on responsibility to design/construct/operate a roadway and made by a public source (AASHTO, 2012).
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game theory concepts, and modified traffic assignment. Applying minor modifications due to using practical data, the model
is an application of our previous theoretical study (Rouhani and Niemeier, 2011) to a real case.

This paper investigates the effects of the concession model on a road network of an urbanized city: Fresno, California. We
use the existing transportation planning model and our integrated modeling framework to examine the following concepts:
the level of competition between private owners, the effect of privatization on system performance measures such as total
travel time and vehicle miles traveled (VMT), the possibility of involving arterials in the process, the difference between so-
cial cost prices and profit maximizing prices and their associated revenues, the complementarity versus substitutability rela-
tionship among roads, demand functions’ estimation using different functional forms, and the welfare analysis of various
ownership structures and scenarios.

2. Model framework

We apply the bi-level programming concept (Yin, 2000) to structure the problem. At the upper level, city or state officials
(planners) must decide which roads are to be leased or privately constructed and what kinds of regulations are required (e.g.,
price ceilings). The common theoretical goal of policy makers is maximizing the sum of consumers and producers’ welfare
surplus. The policy maker’s objective function can be calculated based on total travel time, total gas consumption and emis-
sions, total profits gathered, or a combination of any of these in monetary terms. Here, we used total travel time as the policy
maker’s objective function. Since one of our goals is to find a good solution for the policy maker problem, we construct and
analyze various scenarios using different combinations of private streets with varying sets of regulations. An alternative
method, which could be applied, is to use an optimization algorithm, such as a Meta-Heuristic algorithm (Poorzahedy
and Rouhani, 2007) to find the optimal solution for the policy maker problem (first level). In the second level, new street
owners (or street leasers) decide how much to charge users to maximize their profits. At the lowest level (third level), users
of the network would choose the streets (paths) or modes to reach their destinations. The bi-level model considers the sec-
ond and third levels.

2.1. Mathematical model-Road owners’ model

Road owners attempt to maximize their profit (pk) which is the sum of the toll revenues gathered from the segments or
the links of their road

P
ðsij � x�ijðsÞ for all the roads owned by firm k which comprise the Fk set, (i, j) 2 Fk), minus the costs of

collecting the tolls for the firm ðCFk
ðxijÞÞ. Note that the demand for the link i � j (x�ijðsÞ) is a function of a vector of tolls, not

only the firm’s own tolls (we will examine this relationship later). Each firm only controls the tolls on its own links and has
no control over the tolls charged by other firms. So, the tolls determined by other firms are exogenous, i.e., Firms have an
oligopolistic power due to spatial restriction and limited available capacity, and can change their charged tolls based on
other firms’ responses. So, the prices are not perfectly competitive and constant. Also, note that tolls are usually capped
by public officials (�s, like the case for toll ceilings). This problem can be formulated as follows:
ðMaxprofitÞ Max
sij

pk ¼
X
ði;jÞ2Fk

sij � x�ijðsÞ � CFk
ðxijÞ

� �
ð1Þ

s:t: : sij 6 �s ð2Þ
where x� is the user equilibrium (UE) flow with fixed demand (or variable demand) in the network that is the solution of the
following mathematical problem:
ðUEÞ Min
x

X
ði;jÞ

Z xij

0
CijðuÞdu ð3Þ

s:t: :
X
p2Pks

xks
p ¼ dks

; 8ðk; sÞ 2 P ð4Þ

xks
p P 0; 8p 2 Pks; 8ðk; sÞ 2 P ð5Þ

xij ¼
X
ðk;sÞ2P

X
p2Pks

xks
p � d

ks
ij;p; 8ði; jÞ 2 A ð6Þ
where xij is the flow in link (i, j) and xks
p is the flow in path p (p 2 Pks) from origin k to destination s, dks

ij;p is 1 if link (i,j) 2 Pks, and
0 otherwise. The flows are generated by the travel demand from k to s, dks, which can be non-constant, but still exogenously
determined (Sheffi, 1984).

This model also uses the Wardrop’s principle (Wardrop, 1952) as its principle, with Cij as the generalized cost associated
with traveling on link i � j rather than just the travel time tij (replacing tij with Cij in the UE problem):
Cij ¼ tijðxijÞ þ bij � sij ð7Þ
where sij is the charge for using link i � j, determined by the link owner from the higher level model (Nagurney, 2000) and bij

is the value of time coefficient which transforms the charges in dollars (or cents) to costs in terms of time. Since the value of
time varies for different users, we need multi-user equilibrium to address the difference in behavior.
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The above-mentioned mathematical model only considers the profit maximization problem of firms. The policy maker
level could be also added to the problem formulation. In that case, a policy maker can implement some control variables such
as the toll ceilings, the level of competition between firms (monopoly vs. oligopoly), and the set of roads (links) to be priv-
atized. By adding the policy maker level, we could solve for the optimized levels of control variables. However, instead of
making the model more complex and adding another level, we will examine a limited number of ownership structures sep-
arately in the social welfare analysis section (Section 4.3).

2.2. Profit maximization, game theory, and response functions

The mathematical model presented in Section 2.1 is a bi-level model that is difficult to solve, particularly for large and
realistic networks. However, this model can be simplified to some extent. In practice, owners try to estimate their links’ de-
mand functions. Practically, they are interested in the own toll prices and the cross prices. Thus, the problem can be solved
for various sets of prices (tolls) in order to find the demand functions for each road, based on its own prices and other roads’
(or cross) prices. Private owners do not possess perfect knowledge about other road owners’ pricing decisions, which causes
uncertainty about the demand functions. Nonetheless, because of the dynamic nature of the problem involving trial and er-
ror, it is assumed that road owners can collect sufficient information to establish the demand functions.

Using the existing transportation planning models, the lower level model (UE) can be run for different sets of random
prices to find the resulting travel demand for each road. Note that the model is not required to be run, using a large number
of price sets for three reasons: (1) in real-life, private owners can only collect data for small price sets; (2) prices are only
effective in discrete levels (e.g., from the users’ point of view, 20 cents/mile is not much different than 21 cents/mile);
and (3) adding data will not improve the regression results if the sample is large enough. So, the mathematical formulation
of the model can be revised as follows:
ðMaxprofitÞ Max
sij

pk ¼
X
ði;jÞ2Fk

sij � x�ijðsÞ � CFk
ðxijÞ

� �
ð8Þ

s:t: : sij 6 �s ð9Þ
The difference between this model and the previous model (Eqs. (1)–(6)) lies on realization of the demand function, xij.
Knowing the demand functions, private owners can solve the maximization problem. However, they can only determine the
prices charged on their own road, and the prices of other roads are exogenous if there exists a private road owned by other
firms. In a static framework, we can develop road owners’ decision making model using profit maximization and non-coop-
erative game theory concepts. If there is no other competitor (the monopoly case) solving the maximization problem is
straightforward. Assuming the unconstrained optimization for simplicity, the first order conditions for different links to find
the prices that maximize the profits (satisfy the system of equations) are as follows:
@pk

@sij
¼ 0 or

X
ði;jÞ2Fk

xijðsÞ þ
X
ði;jÞ2Fk

@xijðsÞ
@sij

� sij �
@CFk
ðxijÞ

@sij

� �
¼ 0 8ði; jÞ 2 Fk: ð10Þ
When more than one firm exists, road owners may compete or cooperate with each other to maximize their profits,
knowing their own streets’ demand function and the possible choices of other owners. We assume the Bertrand–Nash equi-
librium concept (Magnan de Bornier, 1992) in which each player (road owner) anticipates the equilibrium prices of the other
players, and no player has anything to gain by changing his or her own strategy unilaterally (Bierman and Fernandez, 1998).
The first order condition will be the same as before. However, all the links are not owned by one firm. So, each firm sets up its
own response function (pricing in response to other firms’ prices) as follows:
F:O:! sijð�sÞ 8ði; jÞ 2 Fk ð11Þ
where �s is the vector of tolls (prices) charged by other firms. We can solve the system of equations involving all response
functions and find the best mutual prices. Bertrand–Nash equilibrium assumes that non-cooperative games are prevailing
(Mallozzi, 2007; Madani and Dinar, 2012). In other words, firms do not collude, based on the Bertrand–Nash equilibrium.
In reality, collusion may happen and if so, a cooperative game framework should be used (Watson, 2002; Madani, 2011).

To consider cooperative games, there should be some conjectural variation (
@slm

@sij
–0 where links l �m and i � j are not

owned by the same firms). But, we will observe later that in our case study, the oligopoly and monopoly result in close prices.
So, the collusive assumption would not change the results dramatically, assuming that the collusive solution is between the
monopoly and non-cooperative oligopoly cases. For further information about conjectural variation concept, see Jacquemin
(1987) or Waterson (1984).

3. Case study – Fresno, California

The city of Fresno is located in the Central Valley of California. As of 2011, the city’s population was 480,000, making Fres-
no the fifth largest city in California, and the largest inland city in California (City of Fresno, 2012). The city maintains a stan-
dard four-step transportation planning model that is calibrated for the year 2030. The network consists of 20,865 links and



Fig. 1. The Road network of the city of Fresno, California. Source: Transportation planning model, city of Fresno.

Table 1
Main characteristics of the candidate roads. Source: Transportation planning model, city of Fresno – 2030 forecasts.

Name Length-private (mile) Freeflow speed (MPH) AM peak VMT (base-hourly) Offpeak VMT (base-hourly)

HW1 SR168 4.92 65 70,265 28,009
HW2 SR41 7.51 65 133,070 56,900
HW3 SR180 5.23 58 68,701 30,138
HW4 SR99 8.56 65 136,263 55,509
Arterial1 Shaw 8.47 40 44,163 14,710
Arterial2 Shields 5.32 40 19,943 7147
Arterial3 Blackstone 4.73 40 21,044 5420

O.M. Rouhani et al. / Transportation Research Part B 48 (2013) 17–30 21
1852 traffic zones (Fig. 1). We selected seven segments of roads transecting the urban area as candidates for privatization on
the basis of both profit making and reducing congestion. The candidate roadway segments are on four highways: SR168,
SR41, SR180, and SR99; and on three arterials: Shaw, Shields, and Blackstone. Table 1 reports the main characteristics of
the candidate roads.

The applied transportation planning model is a static deterministic single user equilibrium model (Sheffi, 1984). We be-
lieve that it is reasonable to assume static conditions given that our interest is not in real-time prices for the private owner.
Admittedly, a stochastic model could be more realistic. But, the common existing planning models and the model used as our
case study do not include this characteristic. In addition, using single user equilibrium is undeniably inappropriate, espe-
cially because value of time, which varies for different classes of users, has major impact on the analysis. However, city-size
models usually do not cover multi-class user equilibrium models.

The model only estimates short-run results. In the long run, both public and private entities can affect the results by add-
ing capacity. In addition, Bertrand–Nash equilibrium is theoretically a static model that replicates a dynamic game.

Other specific simplifying assumptions of the study are as follows:

– The costs of installing tolling facilities are assumed to be negligible or independent from flows/tolls (zero costs), i.e., the
first order conditions do not include a term for the costs.

– In addition to its own prices, each link’s travel demand is a function of other links’ prices. This is examined in the next
section.

– Road owners apply a constant mileage-based toll rate on the whole road (consisting of various segments), although in
practice, variable pricing can be the optimal policy for profit maximization (Wang et al., 2011).

– An average user values time at $14/h. Using the load factor of 1.4 persons/vehicle, the value of time for each vehicle is
about $20/h (14 � 1.4). So, bij (from Eq. (7)) equals 3 min per dollar (a $1 charge on a link is valued at 3 min (60 min
per hour/$20 per hour)).

4. Results

4.1. Demand analysis

As discussed, here the basic assumption is that each road’s travel demand is a function of other roads’ prices. To examine
this hypothesis, we analyze the data produced by different price sets applied to the roads running the UE model with various
randomly selected prices that cover the possible ranges of travel demand for each candidate. The prices were chosen using
random draws between a minimum (zero) and a maximum (based on a short examination of the minimum price (toll),
which decreases own demand dramatically to below about 10%). The sets of prices, then, were produced through repeated
randomization of the prices of all links.
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Fig. 2. Hourly vehicle miles traveled (VMT in thousands) for AM peak with respect to own charges for (a) Shaw (an arterial); (b) SR41 (a highway).

22 O.M. Rouhani et al. / Transportation Research Part B 48 (2013) 17–30
Based on the transportation planning model, Fig. 2 shows the total AM peak hourly vehicle miles traveled (VMT) with
respect to own prices (charges) on a dollar per mile basis for two candidate roadway segments. For each own price, a wide
range of VMTs exists which supports the hypothesis that cross prices might have significant effects on travel demand be-
cause own prices are not the only factor affecting travel demand. This is contrary to the finding of Wu et al. (2011), who sug-
gested that the volume per capacity of a private toll road is independent of another competitor’s choice of toll. Indeed, their
result only applies to a long-run analysis where private entities can increase capacity without any restrictions, which is not
the case here.

To further examine our hypothesis, the hourly VMT for all the links (as dependent variables) is regressed against the
prices of all links as independent variables, for different functional forms, using Ordinary Least Squares (OLSs). We realize
that because of using a system of equation, Seemingly Unrelated Regression (SUR) might be a better fit. But, it is a known
fact that when the regressors are the same for all the equations, OLS and SUR results are the same (Greene, 2003, page 344).

The estimated functional forms for each road segment i are as follows:
Linear:
3 Tra
elasticit
qi ¼ ai0 þ ai1s1 þ � � � þ aijsj þ � � � þ ai7s7 ð12Þ
Cobb–Douglas:
lnðqiÞ ¼ ai0 þ ai1 lnðs1Þ þ � � � þ aij lnðsjÞ þ � � � þ ai7 lnðs7Þ ð13Þ
Translog (transcendental logarithmic):
lnðqiÞ ¼ ai0 þ ai1 lnðs1Þ þ � � � þ aij lnðsjÞ þ � � � þ ai7 lnðs7Þ þ aii1 lnðsiÞ � lnðs1Þ þ � � � þ aiij lnðsiÞ � lnðsjÞ þ � � � þ aii7

� lnðsiÞ � lnðs7Þ þ � � � ð14Þ
where qi is the hourly VMT for road i and sj is the toll rate for road j (cents per mile), i, j = 1, . . .,7, and the roads are Shaw,
SR168, SR41, SR180, SR99, Shields, and Blackstone, respectively.

We report the coefficients, their standard errors, and adjusted R-squared of the linear and Cobb–Douglas functions for
both AM peak and off-peak, and of Translog function for AM peak3 in Table 2. When comparing the adjusted R-squared, linear
functions work well both for AM peak and off-peak. In some cases, the adjusted R-squared of the linear functions are higher than
the Translog functions, but the Translog functions include many more explanatory variables. Technically, it is incorrect to com-
pare the R-squares across different functional forms because the total sum of square of the transformed data (logged) is different
than the total sum of square for a linear function. However, in our case, the difference between the two R-squared (Linear and
Cobb–Douglas) is quite large. The linear relationship can also be observed in Fig. 2. Nevertheless, it is noteworthy that the lin-
earity cannot be used when very high prices are charged (the function asymptotically goes to zero instead of showing the linear
relationship).

The coefficients in Table 2 provide some interesting results. A major result is that own-price coefficients (aii’s) are neg-
ative and significant, as expected. Also, the fact that some of the cross coefficients are statistically significant, meaning that
the charges applied on one road have a significant effect on the demand of another road, supports the hypothesis that cross
prices should have significant effects. That is, the travel demand of a road should be responsive to other roads’ prices. How-
nslog function is a common function to estimate demand (Färe et al., 2008; Oum et al., 2000). The advantage of applying a Translog function is that
ies are not constant and cross price effects can be calculated with this function (Khiabani and Hasani, 2010).



Table 2
Various functional forms (a) linear and Cobb–Douglas for AM peak; (b) linear and Cobb–Douglas for off-peak; and (c) Translog for AM peak.

ai0 ai1 ai2 ai3 ai4 ai5 ai6 ai7 Adj. R2

(a)
Linear
q1 34.23 �0.316 0.019 0.034 0.016 0.044 0.012 �0.002 0.949

(89.79) (�44.76) (2.07) (3.56) (2.48) (3.62) (1.39) (�0.16)
q2 54.28 0.022 �0.629 0.095 �0.062 0.021 �0.003 0.037 0.98

(140.92) (3.13) (�67.14) (9.96) (�9.67) (1.67) (�0.34) (3.27)
q3 105.56 0.016 0.108 �1.264 0.039 0.101 0.032 0.097 0.983

(157.21) (1.27) (6.59) (�75.76) (3.51) (4.66) (2.11) (4.9)
q4 56.75 0.014 �0.059 �0.011 �0.473 �0.067 0.017 �0.024 0.941

(67.65) (0.91) (�2.9) (�0.53) (�33.71) (�2.48) (0.93) (�0.99)
q5 120.14 0.044 0.01 0.109 0.007 �1.761 0.031 0.077 0.978

(139.38) (2.78) (0.46) (5.1) (0.51) (�63.4) (1.6) (3.04)
q6 14.17 0.019 0.003 0.017 0.027 0.03 �0.148 �0.000 0.935

(82.24) (6.1) (0.72) (3.92) (9.39) (5.36) (�38.73) (�0.02)
q7 14.35 0.007 0.019 0.109 0.007 0.009 0.002 �0.253 0.892

(52.16) (1.36) (2.91) (15.91) (1.44) (0.96) (0.37) (�31.14)

Cobb Douglas*

ln(q1) 3.467 �0.406 0.047 0.038 0.059 0.08 0.035 0.038 0.702
(66.4) (�16.71) (1.8) (1.43) (2.53) (2.69) (1.27) (1.42)

ln(q2) 3.979 0.023 �0.418 0.103 �0.011 0.037 0.028 0.042 0.612
(59.13) (0.73) (�12.38) (3.03) (�0.36) (0.97) (0.81) (1.23)

ln(q3) 4.645 0.014 0.048 �0.372 0.025 0.080 0.022 0.029 0.597
(77.39) (0.52) (1.58) (�12.29) (0.95) (2.34) (0.7) (0.95)

ln(q4) 4.148 0.016 �0.021 0.035 �0.439 0.044 0.025 0.019 0.766
(62.18) (0.53) (�0.63) (1.03) (�14.77) (1.17) (0.71) (0.55)

ln(q5) 4.792 0.029 0.011 0.040 0.017 �0.374 0.035 0.034 0.54
(72.33) (0.95) (0.34) (1.19) (0.59) (�9.95) (1.02) (1.01)

ln(q6) 2.613 0.032 0.020 0.053 0.80 0.043 �0.346 0.028 0.655
(55.5) (1.45) (0.83) (2.22) (3.83) (1.63) (�14.03) (1.14)

ln(q7) 2.623 0.053 0.027 0.148 0.036 0.063 0.030 �0.464 0.581
(38.62) (1.66) (0.78) (4.32) (1.18) (1.62) (0.83) (�13.32)

(b)
Linear
q1 15.72 �0.319 �0.004 0.013 0.012 0.007 0.015 �0.001 0.932

(67.13) (�37.82) (�0.41) (1.72) (2.32) (0.97) (1.73) (�0.11)
q2 27.33 �0.01 �0.487 0.03 �0.046 �0.018 �0.003 0.004 0.982

(128.61) (�1.28) (�61.94) (4.47) (�9.67) (�2.72) (�0.43) (0.59)
q3 56.73 0.028 0.054 �1.005 �0.008 0.059 0.013 0.013 0.982

(130.53) (1.77) (3.35) (73.36) (�0.83) (4.31) (0.78) (0.87)
q4 28.62 �0.046 �0.07 �0.063 �0.284 �0.03 0.011 �0.044 0.898

(48.21) (�2.15) (�3.18) (�3.53) (�21.63) (�1.58) (0.50) (�2.07)
q5 55.17 0.028 �0.008 0.063 �0.01 �1.012 �0.001 �0.023 0.976

(102.53) (1.45) (�0.42) (3.72) (�0.87) (�59.54) (�0.03) (�1.18)
q6 6.78 0.011 �0.011 0.006 0.012 0.008 �0.141 0.006 0.935

(68.89) (2.98) (�3.02) (1.93) (5.55) (2.48) (�38.17) (1.65)
q7 5.61 �0.008 0.004 0.06 0.002 0 �0.005 �0.139 0.871

(37.96) (�1.48) (0.77) (12.93) (0.62) (0.01) (�0.85) (�26.42)

(continued on next page)

O
.M

.R
ouhani

et
al./Transportation

R
esearch

Part
B

48
(2013)

17–
30

23



Table 2 (continued)

ai0 ai1 ai2 ai3 ai4 ai5 ai6 ai7 Adj. R2

Cobb Douglas*

ln(q1) 5.07 �0.586 0.066 0.087 0.005 0.078 0.041 0.039 0.74
(80.89) (�17.18 (1.89) (2.67) (0.16) (2.38) (1.44) (1.18)

ln(q2) 5.655 0.077 �0.635 0.14 �0.046 0.088 �0.033 0.024 0.692
(64.94) (1.63) (�13.05) (3.09) (�1.13) (1.94) (�0.82) (0.54)

ln(q3) 6.349 0.031 0.077 �0.623 0.029 0.135 0.038 0.032 0.638
(70.24) (0.62) (1.52) (�13.21) (0.7) (2.86) (0.91) (0.68)

ln(q4) 5.843 0.022 0.003 0.02 �0.596 0.02 0.006 0.036 0.802
(72.85) (0.50) (0.06) (0.48) (�15.96) (0.48) (0.16) (0.87)

ln(q5) 6.337 0.05 0.027 0.118 0.027 �0.688 0.029 0.056 0.654
(60.97) (0.88) (0.47) (2.18) (0.55) (�12.73) (0.61) (1.03)

ln(q6) 4.178 0.083 �0.038 0.025 0.076 0.057 �0.436 0.01 0.731
(74.5) (2.72) (�1.22) (0.85) (2.92) (1.95) (�17.05) (0.35)

ln(q7) 3.978 0.065 0.026 0.244 0.036 0.035 0.013 �0.673 0.74

ai0 ai1 ai2 ai3 ai4 ai5 ai6 ai7 aii1 aii2 aii3 aii4 aii5 aii6 aii7 Adj. R2

(C)
Trans Log*,**

ln(q1) 3.666 0.995 �0.169 �0.161 �0.164 �0.113 �0.207 �0.069 �0.326 0.014 0.059 0.069 0.047 �0.041 0.023 0.969
(72.78) (17.83) (�2.52) (�2.41) (�2.90) (�1.87) (�2.77) (�1.19) (�25.03) (0.37) (1.77) (1.81) (0.97) (�0.80) (0.62)

ln(q2) 4.155 �0.169 1.208 �0.189 0.020 �0.146 �0.086 �0.115 0.013 �0.401 0.091 �0.031 �0.063 0.053 0.109 0.969
(72.79) (�2.67) (16.13) (�2.49) (0.31) (�2.13) (�1.01) (�1.75) (0.30) (�20.76) (2.23) (�0.90) (�1.68) (1.10) (2.46)

ln(q3) 4.812 �0.115 �0.173 1.300 �0.099 �0.130 �0.136 �0.158 �0.002 �0.029 �0.418 0.075 0.183 �0.061 0.058 0.949
(75.53) (�1.63) (�2.08) (15.38) (�1.38) (�1.70) (�1.44) (�2.16) (�0.06) (�0.63) (�18.96) (1.75) (3.19) (�1.30) (1.34)

ln(q4) 4.078 �0.046 0.015 �0.063 0.726 �0.084 �0.052 0.035 0.04 �0.122 0.058 �0.251 0.061 0.021 �0.019 0.992
(111.51) (�1.14) (0.32) (�1.29) (17.64) (�1.92) (�0.96) (0.83) (1.45) (�5.55) (2.36) (�24.68) (2.71) (0.83) (�0.61)

ln(q5) 4.817 0.000 0.002 �0.089 �0.106 1.236 �0.156 �0.062 0.088 �0.103 0.064 �0.005 �0.419 0.029 0.084 0.912
(55.55) (0.00) (0.02) (�0.77) (�1.09) (11.88) (�1.21) (�0.62) (1.06) (�1.82) (0.81) (�0.09) (�14.16) (0.40) (1.27)

ln(q6) 2.925 �0.250 �0.107 �0.189 �0.190 �0.158 0.864 �0.249 0.122 �0.004 0.027 0.038 0.007 �0.313 0.008 0.933
(47.05) (�3.63) (�1.31) (�2.29) (�2.71) (�2.11) (9.38) (�3.48) (1.92) (�0.07) (0.59) (0.91) (0.13) (�12.82) (0.14)

ln(q7) 2.915 �0.094 �0.223 �0.557 �0.190 �0.147 �0.256 0.781 0.125 0.018 0.163 �0.016 0.031 �0.127 �0.341 0.942
(38.68) (�1.12) (�2.26) (�5.57) (�2.24) (�1.63) (�2.29) (8.99) (2.26) (0.31) (3.22) (�0.25) (0.53) (�1.88) (�15.02)

* To solve the problem of zero toll rates for the log functions when using the Cobb Douglas and TransLog functions, 1 cent was added to all the toll rates.
** Not all the TransLog functions’ coefficients are reported in the table.
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ever, in some cases, as shown in Table 2, travel demand for a given road is not always significantly affected by cross prices
(e.g., q1 and s7, a17 is not significant in linear, Cobb Douglas, and Translog functions).

Another interesting result is that for most roads, the own-price elasticities for AM peak are higher (in absolute values,
since elasticities are usually defined in absolute values) than those of off-peak, which likely related to the fact that higher
prices are charged for AM peak. It is well-known that peak elasticities should be lower than off-peak because for peak hours,
users have less choice and mandatory travel for work. Since the charges are higher for AM peak, their elasticities are also
higher due to increasing elasticities in own prices. The own-price elasticities for linear functions are aiisi

qi
(aii’s are negative),

and for Translog functions are aii + aiii � ln(si) (aiii’s are negative). So the own-price elasticities for both the Translog and linear
functions increase in absolute value (decrease in real value) when own prices increase because the second derivatives (aiii for
Translog) are negative. As a result, when higher tolls are charged, higher elasticities are expected for peak periods, as shown
in Table 2.

A major finding is that cross price effects can change depending on the level of demand. For instance, the a25 in the linear
functions has positive sign for AM peak (Table 2a) and negative sign for off-peak hours (Table 2b), i.e. Road No. 5 (SR99) is a
substitute for Road No. 2 (SR168) on AM peak hours, and is a complement for SR168 on off-peak hours. This suggests that
roads can be complements to each other at some levels of demand and become substitutes for each other at other levels. This
finding can be crucial not only for a concession model but also for any kind of pricing scheme.

One of the main drivers of the cross prices effects is distance. The closer in proximity the roads are, the more significant
the cross prices’ coefficients. This is due to the effects of cross charges (prices) on travel demand entering or exiting a prime
road, which are higher for roads in closer proximity. However, this is not true for some roads that are far from each other and
their effects on each other are still significant. For example, the coefficient of SR180’s toll (a14) is significant in both Shaw’s
demand equations (Table 2a and b, linear equations-q1) although these road segments are relatively far from each other. On
the other hand, the effect of Blackstone’s charges on SR41’s demand (a37) is not significant for off-peak hours (Table 2b, linear
equation-q3) even though these roads are right next to each other. In addition, the cross price effects are not symmetric
(looking at the table, for the linear functions, aji – aij, it can be seen that the cross price coefficients are not the same.

Looking at the Translog function coefficients (Table 2c), all the aiii s (the coefficient of ln(si)2 in Eq. (14)) are negative and

significant. For Translog functions, the own-price elasticities equal d lnðqiÞ
d lnðsiÞ

¼ aii þ aiii � lnðsiÞ � aiii is negative and for most of the

toll values (usually higher than 5–10 cents), the own-price elasticities decrease when the prices increase (the second deriv-

atives are d2 lnðqiÞ
d lnðsiÞ2

¼ aiii). This supports the hypothesis that a linear demand function can be a specification for the data because

of the decreasing own-price elasticities characteristic of linear functions.4

However, this result might not hold true for higher charges. Our data did not include the right tail of the demand func-
tions. Hence, the adjusted R-squared of the linear demand functions is even higher than those of the Translog functions,
which could be reversed if we had more data on the tails of the demand functions. Nevertheless, the simplicity offered
by the linear functions makes its use reasonable for our analysis.
4.2. Profit maximization

Realizing the demand functions, we can solve the profit maximization problems. When using different privatization
structures, the first order conditions and the resulting prices will change. So, transferring the ownership to one owner
(monopoly) should result in different prices than from the prices of oligopoly. The demand functions used for the analysis
are the linear functions with all the coefficients, even the statistically non-significant ones.

Table 3 reports the results of solving the first order systems of equations for various ownership structures, which consist
of single ownership of each of roads, ownership of all highways, ownership of all roads (monopoly and oligopoly), and two
cases of socially optimal pricing. The oligopoly cases represent markets in which each road is owned by a separate firm/own-
er, and no firm owns more than one road. We should add that our model is unable to capture cross price elasticities between
off-peak and peak periods due to the limitations of Fresno’s transportation planning model. Future studies may address this
limitation.

The total change in welfare in Table 3 is the sum of two measures: first, the change in total travel time (in dollars) and
second, the decrease in welfare due to the decrease in travel demand, resulting from any charge, which is calculated hourly
and based on the rule of half (Victoria Transport Policy Institute, 2012).

The first observation that arises from this analysis is that in most privatization cases (cases 1 through 10), total travel time
is worse (higher) than those of the base case (case 0), i.e., average users are worse off compared to the base case. Thus, priv-
atization should be accompanied with a limit(s) for tolls (toll ceilings). However, privatization of Highway#4 (SR99) is wel-
fare enhancing even without regulations (for both AM peak and off-peak hours), so it is possible to successfully privatize a
highway without any price limitations. We will revisit this topic in the social welfare analysis section. Another finding is that
in most cases, the AM peak prices are higher than off-peak prices. But, the prices of highways are not necessarily higher than
4 For linear functions, elasticities are: dln qi/dln si = ai � si/qi, so linear functions and Translog functions are similar in that for both, elasticities decrease as
prices increase (second derivatives are negative). Translog functions’ elasticties are not restricted in this regard. Nevertheless, their elasticities were found to
decrease with increasing prices (in our cases). Linear functions restrict the elasticities to be decreasing in prices, and based on the Translog function
characteristic, this restriction does not pose a problem. However, the elasticity functions are different in forms.



Table 3
Results of various tolling regimes for (a) AM peak (b) off-peak.

Scenario Optimal (Equ.) Prices (cents/mile) Total hourly
profits (1000 $)

Travel time Total VMT Reduced demand Total hourly welfare
change (1000 $)

SR168 SR41 SR180 SR99 Shaw Shields Blackstone Total travel
time (Veh-hr)

Hourly welfare
change (1000 $)

No.
trips

Hourly welfare
change (1000 $)

(a)
Case 0 Basecase – – – – – – – – 103,579 – 3,561,877 – – –
Case 1 HW1 33 – – – – – – 10.7 104,566 �19.8 3,575,961 118 �0.10 �19.8
Case 2 HW2 – 35 – – – – – 23.3 105,066 �29.8 3,586,574 177 �0.16 �29.9
Case 3 HW3 – – 60 – – – – 10.9 104,687 �22.2 3,567,505 181 �0.27 �22.4
Case 4 HW4 – – – 26 – – – 23.7 103,301 5.6 3,580,953 157 �0.10 5.5
Case 5 Arterial1 – – – – 41 – – 6.7 103,960 �7.6 3,571,988 93 �0.10 �7.7
Case 6 Arterial2 – – – – – 43 – 2.6 104,129 �11.0 3,565,636 40 �0.04 �11.1
Case 7 Arterial3 – – – – – – 28 1.7 103,670 �1.8 3,565,690 32 �0.02 �1.8
Case 8 All HWs (Olig) 44 46 54 36 – – – 75.4 110,501 �138.4 3,638,846 760 �0.86 �139.3
Case 9 Monopoly 54 60 57 42 77 87 64 107.7 111,930 �167.0 3,678,224 1293 �2.04 �169.1
Case 10 Oligopoly 47 49 54 38 64 64 43 104.6 109,800 �124.4 3,667,686 1057 �1.36 �125.8
Case 11 Social Optimal pricing 28 22 16 18 30 32 6 72 100,078 70.0 3,580,068 394 �0.21 69.8
Case 12 Social Optimal pricing-2 27 22 14 18 – – – 56 100,420 63.2 3,571,621 316 �0.16 63.0

(b)
Case 0 Basecase – – – – – – – – 36,046 – 1,477,408 – – –
Case 1 HW1 24 – – – – – – 2.7 36,075 �0.6 1,474,951 53 �0.03 �0.6
Case 2 HW2 – 24 – – – – – 7.4 35,785 5.2 1,469,909 70 �0.04 5.2
Case 3 HW3 – – 30 – – – – 3.3 36,128 �1.6 1,474,310 56 �0.04 �1.7
Case 4 HW4 – – – 24 – – – 7.5 35,740 6.1 1,474,704 81 �0.05 6.1
Case 5 Arterial1 – – – – 18 – – 1.3 35,880 3.3 1,475,559 23 �0.01 3.3
Case 6 Arterial2 – – – – – 16 – 0.5 35,686 7.2 1,475,815 9 0.00 7.2
Case 7 Artyerial3 – – – – – – 28 0.3 36,085 �0.8 1,477,666 13 �0.01 �0.8
Case 8 All HWs (Olig) 26 29 43 28 – – – 20.5 36,144 �2.0 1,464,951 297 �0.23 �2.2
Case 9 Monopoly 25 31 38 28 26 27 20 25.9 36,281 �4.7 1,467,043 354 �0.25 �4.9
Case 10 Oligopoly 26 30 39 28 27 28 26 25.4 36,374 �6.7 1,501,248 361 �0.26 �7.0
Case 11 Social optimal pricing* 11 14 11 13 13 14 3 19.1 35,144 18.0 1,463,900 149 �0.04 18.0
Case 12 Social optimal pricing-2* 11 14 9 11 – – – 16.2 35,182 17.3 1,465,366 114 �0.03 17.3

� To find socially optimal prices, we use a simple local search algorithm considering Tabu search ideas. For more information about Tabu Search, see Poorzahedy and Rouhani (2007).
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the prices of arterials. These results confirm that flexible but limited tolls are important; toll limits should be different for
different periods of time. Also, AM peak private cases are more prone to reducing welfare than are off-peak cases, and in
instances where welfare is reduced, the negative effects are greater for the AM cases than for off-peak cases. This provides
an important policy insight regarding scheduling toll limits.

As an interesting example, for the monopoly case (case 9) and AM peak (Table 3a), the prices charged for the arterials are
significantly higher than those of highways. This can be related to the fact that the private owner attempts to direct the flows
from arterials to highways, which worsens the flow pattern in terms of total travel time. As an extreme result of pricing, for
the monopoly case – AM peak (case 9, Table 3a), total travel time is about 7% higher than the total travel time of base case.
Also, the total profits gathered from the oligopoly and monopoly cases for both periods are very close even though the prices
charged for some roads in the monopoly cases are much higher than the oligopoly prices. Theoretically, this possibly points
to private road owners’ expectation of an aggressive response from other owners to their price change, which results in a
solution close to a monopoly (Díaz et al., 2010). The aggressive response could be a concern in practice, but it is outside
the scope of the model.

Table 3 also reports the socially optimal pricing for two cases, case 11 (when only highways are priced) and case 12 (when
all road segments are priced). The socially optimal prices are calculated based on minimizing total travel time (the total VMT
or the combination of these can be also used). The socially optimal prices are much lower than the prices charged for the
privately owned cases, sometimes approaching less than one-third.

While unlimited private charges can increase the total travel time, socially optimal prices can decrease the total travel
time by about 3%. Using social cost pricing, charging arterial road users, in addition to highway users, can help to decrease
total travel time, and for the AM peak cases the difference is significant (about 0.5% decrease going from case 12 to case 11).
Although 0.5% change in the total travel time might seem trivial, for a large-size city, this change might lead to millions of
dollars of time saving. This shows that in addition to highway/freeways, we should reconsider privatizing/pricing arterials.

The significant difference between socially optimal prices for peak and off-peak periods (Table 3a vs. 3b) suggests that
flexible but limited price schedules should be involved in leasing agreements. For all the cases studied, limiting the prices
(price ceilings) guarantees that prices will be set at socially optimal levels. In fact, the calculated solution of the constrained
optimization problems, using new constrained first order conditions and the Bertrand–Nash equilibrium concept, is at the
price limits (which are set at socially optimal levels). This is true for all profit maximization cases. However, in general, some
private owners may undercut the socially optimal prices, which are set as the maximum prices to be charged, to increase
their profits which in turn, requires a lower limit(s) for the prices as well as an upper limit(s). If there is a possibility of
undercutting, the policy maker(s) should set rigid prices (both lower and upper limits).
4.3. Social welfare analysis

The main goal of the policy makers is to improve the transportation system performance. Different measures are typically
considered. One important, but not comprehensive and rather isolated, measure is the usage of the resources, i.e., volume per
capacity for roads. Fig. 3 shows the volume per capacity for different ownership structures on two candidate roadway seg-
ments. For both unlimited private ownership structures, monopoly and oligopoly cases, the volumes per capacity are set at
very low levels, implying the underusage of resources; especially, the monopoly cases’ volume per capacities are the lowest
(Mon. cases in both figures). Also, highway-only socially optimal pricing (S.O.2 case) can increase volume per capacity be-
yond the base case (Fig. 3a), implying overusage of resources (arterials). This suggests that even for socially optimal pricing,
some arterials should be priced to improve the usage of roads.

Table 4 presents a number of typical system-level measures for different tolling regimes. The figures reported in the table
are the combination of off-peak (18 h) and peak (6 h). For simplicity, we only considered the AM peak results. Another reason
for the replacement is that PM peak volumes are noisier than those of AM peak. Modeling the PM peak is more challenging
because of the lower estimation power. The annual total change in welfare is the sum of the change in travel time and the
decrease in welfare from the demand decrease. Other variables such as environmental effects, gasoline consumption, and to-
tal VMT could be added to the welfare measure. Nevertheless, most of these measures are correlated to total travel time. In
fact, adding these measures to the calculation will increase the absolute values of the welfare measure, possibly non-linearly.

The first and perhaps the most important result is that unconstrained pricing can decrease social welfare relative to the
base case. In that case, a high percentage of the decrease results from higher total travel time, due to inefficient pricing for
the whole system (even though it might be efficient for the private roads). The decrease in social welfare can be enormous for
a city like Fresno.

While unlimited pricing can worsen the situation, using socially optimal charges or limiting the prices can drastically im-
prove system performance. Instead of a loss of around $300 million per year, the transportation system could increase wel-
fare by about $200 million annually.5 Most of the welfare effect is from the changes in total travel time rather than suppressing
trips. This result is due to more efficient rerouting. However, the result might be a product of our model specification (i.e., the
model might underestimate the welfare loss due to decrease in trips).
5 The revenue from pricing, at least partially considering private entity profits, can be redistributed to users either in the form of direct payments or
improvement of the transportation system. So, the charges are not social welfare costs but rather transfers from one group of people to another.



Fig. 3. Speed vs. volume per capacity considering different cases for (a) Shaw (an arterial); (b) SR41 (a highway).

Table 4
Results of various tolling regimes, considering combination of peak and off-peak hours.

Scenario Total annual
profits (million $)

Change in total travel time
(Ave. Veh-hr)

Change in travel demand
(# trips)

Total change in
welfare (million $)

Percent
change

Annual Welfare
change (million $)

Percent
change

Annual Welfare
change (million $)

Case 0 Basecase – – – – – –
Case 1 HW1 28.2 0.51 �32.2 �0.04 �0.3 �32.5
Case 2 HW2 68.1 0.33 �21.3 �0.06 �0.4 �21.7
Case 5 Arterial1 16.0 �0.06 3.5 �0.02 �0.2 3.3
Case 8 All HWs (Olig) 205.5 3.41 �216.3 �0.24 �2.2 �218.5
Case 9 Monopoly (all) 278.3 4.28 �280.9 �0.34 �3.9 �284.8
Case 10 Oligopoly (all) 273.7 3.40 �225.4 �0.31 �3.1 �228.5
Case 11 Socially optimal pricing 194.0 �2.93 195.0 �0.12 �0.5 194.4
Case 12 Socially optimal pricing-2 156.8 �2.72 167.5 �0.10 �0.2 167.3
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One interesting implication from this analysis is that the total annual profits for the socially optimal pricing cases are rel-
atively close to the profits collected under unlimited pricing schemes (monopoly and oligopoly cases). Although private
owners could increase their profits by charging higher prices, leasing the roads can still be a profitable investment for private
owners when the prices are capped. Privatizing/pricing the arterials not only can improve system performance, but may also
increase the profits from the pricing both overall and for each highway owner. This emphasizes that policy makers/officials
should consider privatizing arterials.
5. Conclusions

Modeling is always associated with limitations and simplifications. Considering such limitations and simplifications is
essential to interpreting results and to providing reliable policy insights. In our analysis, three key limitations stand out. First,
while multi-class user equilibrium is a requirement for analyzing policies related to pricing, the available city-size models
usually do not cover multiple users. An alternative approach to the single user equilibrium used in this study is to implement
simplified assumptions based on Rouhani and Niemeier (2011) to capture the multi-user characteristic to some extent. But
to properly justify use of a multi-user model, one needs to know the distribution of value of time for user of each origin/des-
tination pair. The second major limitation of our analysis is that the city of Fresno does not have a strong public transpor-
tation system. Our earlier study (Rouhani and Niemeier, 2011) suggests that one of the main advantages of privatization lies
in increasing the share of public transportation, which is crucial for improving system performance. Because Fresno has no
significant public transportation, our analysis may underestimate the benefits of privatization. Finally, our model simulates a
static process, so it fails to capture some of the potential benefits of privatization such as incremental profits which can be
used for financing more projects and increasing capacity in the long-run.

Despite these limitations, the model provides new and very useful policy insights. First, each link’s travel demand is a
function of other links’ prices. Thus, roads cannot be considered as isolated elements in a concession model for a road net-
work. The own-price elasticities are not constant and decrease (increase in absolute values) with increasing prices. Roads can
function as complements at some levels of demand and become substitutes at other levels. The profit maximizing problem
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suggests additional useful policy implications. It is clear that in some circumstances, privatizing/pricing arterials can im-
prove system performance; our analysis also identifies that, in addition, the total profits from the pricing as well as those
for each highway owner may increase (sometimes substantially). Hence, some thought should be given for the privatiz-
ing/pricing of arterials.

Profits under socially optimal pricing are relatively close to the profits under unlimited pricing. Thus, leasing the roads
can still be a profitable investment even when using regulations like price ceilings. In addition, unconstrained pricing can
decrease social welfare and should not be implemented when social welfare is sought. Therefore, a limited pricing schedule
can be profitable with social welfare improvement as an ancillary benefit, while unlimited pricing can lead to inefficient use
of transportation systems.

Given the limitations of this study, future studies may consider applying this model to an urban transportation network
with a strong public transit system to study the impacts on alternative modes to personal vehicles. The addition of a public
transit system can bring new insights into the effects of privatization. Although travel demand is assumed to be flexible in
the study, the endogenous travel demand elasticities are not calibrated for the significant changes in travel costs as a result of
charging. Further research is required to improve the elasticities in this regard.

6. Caveat

The transportation planning model used in this study is only for research purposes, and not for developing regional trans-
portation plans or transportation improvement programs.
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